Volume dependence of the total energy and vibrational properties of crystalline l,3,5-trinitro-l,3,5-triazine ͑RDX͒ are calculated using the density functional theory ͑DFT͒. For this molecular crystal, properties calculated with a generalized gradient approximation to the exchange-correlation energy differ drastically from experimental values. This discrepancy arises from the inadequacy in treating weak van der Waals ͑vdW͒ interactions between molecules in the crystal, and an empirical vdW correction to DFT ͑DFT-D approach by Grimme͒ is shown to account for the dispersion effects accurately for the RDX crystal, while incurring little computational overhead. The nonempirical van der Waals density-functional ͑vdW-DF͒ method also provides an accurate description of the vdW corrections but with orders-of-magnitude more computation. We find that the vibrational properties of RDX are affected in a nontrivial manner by the vdW correction due to its dual role-reduction of the equilibrium volume and additional atomic forces. © 2010 American Institute of Physics. ͓doi:10.1063/1.3336452͔
The nitramine, hexahydro-1,3,5-trinitro-1,3,5-triazine ͑RDX͒ ͑C 3 N 6 O 6 H 6 ͒, is an important energetic material used as propellants and explosives. Though RDX releases a large amount of energy in its bulk form, 1 even higher energy density is achieved by forming nanocomposite materials, 2-4 in which RDX encapsulates nanoscale reactant particles such as highly combustive Al particles. 5, 6 In order to design more efficient and insensitive energetic materials, [7] [8] [9] [10] it is important to establish a reliable theoretical method that describes mechanical properties of condensed phases of RDX correctly.
Theoretical investigations of RDX molecules are divided into two categories: Those based on analytic interatomic potentials [11] [12] [13] [14] [15] and others based on nonempirical electronic structure calculations [16] [17] [18] [19] [20] [21] [22] [23] using the density functional theory ͑DFT͒ or Hartree-Fock ͑HF͒ method. In the former, the parameters in the interatomic potentials are determined empirically 11, 12, 15 or derived from nonempirical calculations. 13, 14 Since the parameter fitting always includes crystal data ͑even when fitted to nonempirical data͒, the potentials describe crystal properties at ambient conditions rather accurately with lattice constants within 2%-4% errors 11, 13, 15 and the bulk modulus within the experimental accuracy. 12, 13 These potentials have been used successfully in molecular-dynamics simulations to study, e.g., planar shock propagation in an RDX crystal prior to detonation. 14, 15 Nonempirical electronic-structure calculations often have significant errors in crystal properties of RDX [20] [21] [22] and other energetic molecular crystals [24] [25] [26] [27] at ambient conditions.
It is well known that the generalized gradient approximation ͑GGA͒ to the exchange-correlation energy in DFT tends to overestimate crystal volumes, while the local density approximation ͑LDA͒ underestimates them. It was reported that GGA and LDA give 7%-30% larger and 10%-15% smaller volumes, respectively, for RDX, [20] [21] [22] CL-20, 20, 21 HMX, 20, 21 TATB, 21, 25 PETN, 21, 27 TNAD, 24 and FOX-7, 26 compared to experimental values. Also, the bulk moduli calculated by GGA and LDA are often significantly smaller and larger, respectively, than experimental values. 26 These errors are commonly attributed to the inadequacy of the current DFT in treating weak van der Waals interactions between molecules, which are expected to play a significant role in determining the mechanical properties of these molecular crystals. The importance of the dispersion component of van der Waals interactions for RDX has been pointed out in recent theoretical studies. [28] [29] [30] They used a symmetry-adapted perturbation theory based on DFT description of monomers ͓SAPT͑DFT͔͒ to describe the weak interactions between RDX molecules, thereby successfully reproducing the crystal structures.
In the present study, crystal properties of RDX are calculated in the framework of DFT with van der Waals corrections. We test two approaches: ͑1͒ the DFT-D method by Grimme, 31, 32 which is an empirical correction to DFT for taking into account the dispersive interactions based on damped, atomic-pairwise potentials, and ͑2͒ the van der Waals density functional ͑vdW-DF͒ 33,34 with a nonlocal correlation energy expressed in terms of a density-density interaction formula, among several alternatives 35, 36 to incorporate van der Waals interactions into DFT. Both approaches have been successfully applied to weakly interacting molecular systems as well as rare gases, whereas their applicability to a molecular crystal is examined here.
Before applying the dispersive corrections, we first calculate the lattice parameters of the RDX crystal by GGA with the Perdew-Burke-Erzerhof ͑PBE͒ functional. 37 The electronic wave functions and the electron density are expanded in plane-wave basis sets. The energy functional is minimized iteratively using a preconditioned conjugategradient method. 38, 39 Two sets of ultrasoft pseudopotentials 40 are used to calculate the crystal properties. The first set, hereafter referred to as "soft PP," is constructed from larger cutoff radii r cl ͑l is the angular-momentum quantum number͒, beyond which the pseudowave functions coincide with the all-electron wave functions. The second set, hereafter referred to as "hard PP," is generated from smaller cutoff radii r cl . The plane-wave cutoff energies for the electronic pseudowave functions and the pseudocharge density are 30 and 200 Ry, respectively, for soft-PP, and 45 and 250 Ry, respectively, for hard-PP, which give a convergence of the total energy within 0.5 mRy/electron. See supplemental material 41 for more information on these pseudopotentials.
As shown in Fig. 1 , each RDX molecule ͑C 3 H 6 N 6 O 6 ͒ consists of 21 atoms, and 8 RDX molecules ͑i.e., 168 atoms͒ are contained in the unit cell of the RDX crystal, which is orthorhombic with the experimental lattice constants of a = 13.182, b = 11.574, and c = 10.709 Å. 42 The electronicstructure calculations are carried out for the unit cell under periodic boundary conditions in all directions. The ⌫ point is used for Brillouin zone sampling, because the lattice parameters are known to change only by 1.4% when four k points are used. 20 We first calculate the lattice constants of the RDX crystal, which minimize the total energy, using experimental atomic coordinates without relaxation of atomic positions.
The optimized values ͑percent errors in parentheses͒ are a = 13.78 Å ͑4.5%͒, b = 12.11 Å ͑4.6%͒, and c = 11.18 Å ͑4.4%͒ for soft-PP, and a = 13.45 Å ͑2.0%͒, b = 11.81 Å ͑2.0%͒, and c = 10.88 Å ͑1.6%͒ for hard-PP. The calculated results are unexpectedly in good agreement with experiments. The errors for hard-PP are smaller than those for soft-PP, which is the same trend as observed for diatomic molecules. These results seem to indicate that PBE-GGA gives the lattice constants of RDX with reasonable accuracy, contrary to previous studies. [20] [21] [22] [23] [24] [25] [26] [27] It was reported that the HF approximation also gives rather good lattice constants when atomic coordinates are not relaxed. 16 These agreements, however, are fortuitous, and when the atomic coordinates are fully relaxed, PBE-GGA exhibits serious problems in reproducing the crystal properties. In the relaxation calculations, the unit cell is constrained to be orthorhombic, and the RDX molecules are relaxed without any other constraints. The optimized lattice parameters are a = 14.13 Å ͑7.2%͒, b = 12.35 Å ͑6.7%͒, and c = 11.51 Å ͑7.4%͒ for soft-PP, and a = 13.94 Å ͑5.6%͒, b = 12.23 Å ͑5.7%͒, and c = 11.35 Å ͑5.6%͒ for hard-PP. Here, the errors for both sets of pseudopotentials are similarly large. These values are consistent with those obtained by the previous studies.
20,21 Although we do not restrict crystal symmetry in the structural relaxation, the space group Pbca is well preserved. Even when the atomic structure is relaxed with the crystal symmetry, the optimized lattice parameters change within 1% compared to those without constraints.
To study the volume dependence of the total energy, we minimize the enthalpy at a given pressure with respect to the orthorhombic lattice vectors. The ratios between the lattice parameters have rather weak pressure dependence, and the orthorhombic cell changes almost uniformly up to 10 GPa ͑see the supplemental material͒. 41 Figure 2 shows the total energy as a function of volume, where the circles are the calculated values and the curves are fitted to the Murnaghan equation of state. 43 Solid and dotted curves are obtained by the PBE-GGA calculations with and without the optimization atomic coordinates, respectively. Table I shows the equilibrium volume V 0 and the bulk modulus B obtained from the fitting. The lattice energy U 0 ͑the energy required to separate the lattice into isolated molecules͒ at equilibrium is also listed. It is observed that the PBE-GGA calculation without the optimization of the atomic coordinates gives a very large B and a very small or negative U 0 . On the other hand, when the atomic coordinates are optimized, the calculated B is reduced to almost half the experimental value for both soft-PP and hard-PP, and V 0 becomes too large ͑by 20%͒ compared to the experimental value. U 0 is still too small, compared to the heat of sublimation ͑31.11 kcal/mol͒ observed experi- mentally. The PBE-GGA is thus unable to describe the elastic and cohesive properties of the RDX crystal satisfactorily. We next apply van der Waals corrections to the PBE-GGA calculations discussed above. The DFT-D method proposed by Grimme 31, 32 includes an empirical van der Waals correction to standard density functional, where the total energy is given by
where E KS-DFT is the usual self-consistent Kohn-Sham energy as obtained from the density functional of choice and E disp is an empirical dispersion correction given by
Here, C ij denotes the dispersion coefficient for the pair of ith and jth atoms, s 6 is a global scaling factor that only depends on the density functional used, and R ij is an interatomic distance. A damping function f damp is introduced to avoid near singularities for small R ij . Grimme determined necessary parameters for the elements H-Xe for several common density functionals including PBE. 31, 32 The DFT-D method has been applied to several molecular systems, which have weak noncovalent interactions, and the results demonstrate that dispersion effects are important in such systems. 45 The semiempirical van der Waals correction has also been applied to periodic solids, 46 ,47 such as crystalline CH 4 , layered graphite and V 2 O 5 structures, and rare-gas solids. However, we are unaware of DFT-D calculations of energetic molecular crystals, such as RDX, which contain hundreds of atoms per unit cell.
The optimized lattice parameters for RDX crystal obtained using the DFT-D method are a = 13.40 Å ͑1.7%͒, b = 11.50 Å ͑Ϫ0.6%͒, and c = 10.97 Å ͑2.4%͒ for soft-PP, and a = 13.20 Å ͑0.1%͒, b = 11.45 Å ͑Ϫ1.0%͒, and c = 10.71 Å ͑Ϫ0.0%͒ for hard-PP. The agreement with the experimental values is quite well. The energy-volume curves are displayed by the dashed curves in Fig. 2 . The corresponding V 0 and B are listed in Table I . The discrepancy between the calculated and experimental V 0 is reduced significantly from ϳ20% for PBE-GGA to less than 1% for DFT-D. Furthermore, B is obtained within the experimental accuracy with DFT-D, and U 0 becomes comparable to the heat of sublimation. These results demonstrate the adequacy of the DFT-D method to account for the dispersion effects in RDX molecular crystal at ambient conditions. It should also be noted that the empirical correction, Eqs. ͑1͒ and ͑2͒, is easy to add into an existing DFT program and incurs little computational overhead. Here, it should be noted that the experimental values were obtained at room temperature. The temperature effects have been studied in recent calculations based on the SAPT-͑DFT͒ approach, [28] [29] [30] which have shown that the volume expands ϳ3% at room temperature compared to the 0 K value ͑as compared to the van der Waals correction on the volume, which is ϳ20%͒.
Finally, we test another van der Waals density functional ͑vdW-DF͒ 33,34 with a nonlocal correlation energy. The exchange-correlation energy in vdW-DF is given by
where E x revPBE and E c LDA are simply the revPBE-exchange 33 and LDA-correlation functionals, respectively. The third term represents a fully nonlocal correlation functional given by
where n͑r͒ is the electron density and the kernel ͑r , rЈ͒ is a function of n͑r͒, n͑rЈ͒, their gradients, and r − rЈ. 33, 48 It has been shown that vdW-DF appropriately describes dispersion interactions within weakly interacting molecular systems. [49] [50] [51] We implemented the exchange-correlation potential 34 for the vdW-DF functional in our program to carry out fully self-consistent calculations. However, this requires massive computation to evaluate the double integral in Eq. ͑4͒ using the fast-Fourier-transform ͑FFT͒ grid points, especially for large supercells. In the case of the RDX crystalline unit cell, direct calculation of the double integral is prohibitive because the total number of grid points exceeds 1 ϫ 10 6 , and some simplifications are needed. Although the rЈ integral in Eq. ͑4͒ extends formally over the entire space, it can be carried out practically within a spatial subregion provided it is sufficiently large. We perform the rЈ integral within a sphere of radius R around each r. In addition, the r and rЈ integrals are sampled on every other point of the FFT grid as suggested previously. 49 To validate these simplifications, we confirmed that the interaction energy of an Ar dimer is correctly reproduced as described in the supplemental material. 41 We apply the validated calculation procedure above to the RDX crystal with soft-PP. Before the energy-volume curve is examined, we investigate the dependence of the total energy on the integration radius R of the rЈ integral in Eq. ͑4͒ as well as on the size of the FFT grid. The latter is characterized by the plane-wave cutoff energy E cut for the electron density n͑r͒. In the calculations with soft-PP, the cutoff energy E cut = 200 Ry is large enough to expand n͑r͒. It is, however, not obvious whether the corresponding FFT grid is small enough to calculate the double integral in Eq. ͑4͒, because the integrand includes the product of n͑r͒, which means that a finer grid might be needed. Also, we use only every other point of the FFT grid for the numerical integration, and therefore it is necessary to see how the calculated results depend on the size of the grid. Figures 3͑a͒ and 3͑b͒ show the R and E cut dependence, respectively, of the total energy difference ⌬E = E͑V 1 ͒ − E͑V 2 ͒, where E͑V͒ is the total energy of RDX crystal with volume V, and V 1 = 173.5 and V 2 = 204.1 Å 3 / molecule. The atomic structure for each volume is optimized within vdW-DF with R = 10 Å and E cut = 200 Ry. The rapid convergence of ⌬E with R in Fig. 3͑a͒ indicates that the elastic properties as a function of volume can be described accurately even when the total energy is not fully converged. Specifically, the energy difference between V = 173.5 and 204.1 Å 3 / molecule converges within 0.3 kcal/ mol at R = 10 Å. We observe that the total energy is more sensitive to E cut than to R. Nevertheless, the E cut dependence of ⌬E in Fig. 3͑b͒ again shows good convergence as in the case of R. The energy difference between V = 173.5 and 204.1 Å 3 / molecule at E cut = 400 Ry is 17.0 kcal/mol, which is only 1.5 kcal/mol larger than that at E cut = 800 Ry. Figure 4 shows the energy-volume curve obtained by vdW-DF with R = 10 Å and E cut = 400 Ry, which is com- Note that the total energy by vdW-DF converges within 0.3 kcal/mol with respect to R at R = 10 Å and within 1.5 kcal/mol with respect to E cut at E cut = 400 Å as shown in Fig. 3 . The accuracy of the calculated results may be improved by using larger values of R and E cut and with further structural optimization.
As shown in Fig. 4 , both DFT-D and vdW-DF treat van der Waals corrections accurately in DFT calculations for RDX crystal. While the computational costs of the DFT-D method are essentially the same as the conventional DFT method ͑i.e., the calculations of the DFT-D corrections are negligible͒, the vdW-DF method needs a large amount of computations as described in the supplemental material. 41 Note that an implementation of the vdW-DF method has been proposed 52 recently to reduce the computational cost, though its applicability to RDX is yet to be tested.
In order to demonstrate the applicability of the DFT-D method, we calculate vibrational properties of the RDX crystal using the density functional perturbation theory. 53, 54 The results are summarized in Tables II and III , where both the results with and without the vdW correction by DFT-D are shown, which are abbreviated to "PBE-D" and "PBE," respectively, in the tables. In the orthorhombic unit cell with space group Pbca, there are eight RDX molecules ͑see Fig.  1͒ . Each molecule has 21 atoms and hence has 57 internal modes. Each internal mode is split into eight modes in the crystal because of the vibrational coupling effect between molecules ͑splitting effect͒. However, since the interactions between the RDX molecules are very weak, the splitting effect is negligible for most of the internal modes, and the split in the frequency is typically less than 1 cm −1 . The calculated frequencies listed in Table II are the averages over eight split Table III . The calculated frequencies of the internal modes are compared with previous calculations for the crystal 22 and a single molecule 17 as well as to Raman spectroscopy data 55, 56 in Table II . Except for the six lowest frequencies, the frequencies for a single molecule are larger than those for the crystal. This difference results from the crystal field effects due to the structural difference between a single molecule and molecules in the bulk crystal. The frequencies based on this calculation agree generally well with those from the previous crystal calculation 22 and with the Raman spectroscopy data. 55, 56 The vdW correction significantly increases the six lowest frequencies, because these modes are sensitive to small changes of intermolecular distance. As listed in Table III , the frequencies of the lattice modes obtained by the present calculation with the vdW correction are smaller or comparable with those by the previous calculation, 22 even though the volume of the crystal in the previous calculation is significantly larger. The frequencies calculated without the vdW correction are about 30% smaller than those with the vdW correction. Both present and previous calculations are in agreement with Raman measurements. 55, 57 There are two distinct effects of the vdW correction on the vibration properties. One arises from the equilibriumvolume decrease due to the vdW correction, and the other originates from the additional atomic forces obtained by the gradient of Eq. ͑2͒. While the latter affects the phonon frequencies only within a few cm −1 , the former effect is significant when the vdW correction decreases the equilibrium volume largely as in the case of RDX. As shown in Table I , DFT-D decreases the optimized volume by about 14%. Therefore, the frequencies of lattice modes are increased by about 30% due to the vdW correction ͑Table III͒. On the other hand, the effects on internal modes are insignificant except for few low frequency modes ͑Table II͒. This is because the bond lengths within the molecules are almost unchanged by the vdW correction, while the intermolecular distances are reduced considerably.
In summary, we performed electronic structure calculations of the RDX molecular crystal based on DFT. The crystal properties obtained by using PBE-GGA differ drastically from experimental values. This failure of PBE-GGA has been shown to arise from the inadequacy in treating weak van der Waals interactions between molecules. The empirical DFT-D method has been shown to produce crystal properties in good agreement with the experiments. We also tested a nonempirical vdW-DF approach to treat van der Waals interactions. Although the calculated total energy is not fully converged with parameters for computations, the energy-volume curve is obtained with reasonable accuracy. In conclusion, DFT-D is accurate enough to practically describe dispersion effects in molecular crystals such as RDX with little computational overhead, whereas vdW-DF is potentially more accurate but is highly time consuming to be applied to large systems. Calculation of the vibrational properties using the DFT-D method revealed a dual role of the vdW correction.
